A constant-head well permeameter method for measuring field-saturated hydraulic conductivity above an impermeable layer. Can. J. Soil Sci. 84: 255-264. Hydrologic understanding of mountainous and northern regions of Canada is poor owing to the lack of critical field data such as hydraulic conductivity. A portable field instrument, the Guelph permeameter (GP), is a promising tool for measuring field-saturated hydraulic conductivity in remote watersheds inaccessible by motorized vehicles. In order to extend the applicability of the GP method to relatively thin soils underlain by impermeable bedrock or permafrost, a new set of shape factors was determined by numerical simulation. The new shape factors gave accurate values of field-saturated hydraulic conductivity when tested in the laboratory. The impermeable layer causes flow around the auger hole to be primarily horizontal. Therefore, the GP method measures a predominantly horizontal field-saturated hydraulic conductivity in these thin soils. The measured conductivity represents a weighted average of the soil surrounding the submerged surface of the auger hole. In layered soil, the weight is greater for the layers close to the bottom of the hole than for those close to the top.
The influence of anthropogenic activities, such as agriculture and forestry, on water resources has been the subject of numerous hydrological studies in Canada and elsewhere. Hydrological models are frequently used to evaluate the response of watersheds to changes in land cover and climate. The hydraulic conductivity of the near-surface soil is one of the most important parameters in hydrological models. However, owing to the lack of field data, hydraulic conductivity is frequently treated as a fitting parameter in the model to match the simulated and observed hydrographs (Whitaker et al. 2003) . The lack of field data is particularly notable in sparsely populated mountainous and northern regions of Canada, where accessibility to watersheds is limited. There is a need for simple field methods using portable instruments to measure hydraulic conductivity in remote watersheds.
Constant-head well permeameter tests are commonly used to measure the field-saturated hydraulic conductivity of the soil around a well augered into the unsaturated zone Abbreviations: GP, Guelph permeameter . The Guelph permeameter (GP) is a portable device for conducting constant-head well permeameter tests using the Mariotte principle (Reynolds et al. 1985) . The compactness of the GP makes it a potentially useful tool for measuring hydraulic conductivity in areas inaccessible by motorized vehicles. However, the standard GP data interpretation assumes that the soil is homogeneous and has an infinite extent. This condition is not met in soils whose physical properties vary with depth, or soils overlying an impermeable layer, such as bedrock, dense clay or permafrost. Soils of this type occupy large portions of the arctic and alpine tundra (National Research Council of Canada 1988) , as well as the northern boreal forest (Quinton et al. 2003) . Despite this limitation the GP is used in forest hydrology studies without carefully examining the effects of deviating from the assumptions (Sherlock et al. 2000) .
Laboratory permeameters offer an alternative method to determine the hydraulic conductivity of soil core samples, providing the samples are carefully collected so that the field conditions are preserved. This method is attractive for soils with a high degree of layering because each layer can be sampled separately. However, a large number of samples are required for proper representation of conductivity because the scale of such measurements is much smaller than that of field-based measurements. The laboratory core permeameter also has a potentially major problem for coarse-textured organic soil, where the leakage between the soil sample and the inner wall of the sample container can be substantial (Beckwith et al. 2003) . Considering the prevalence of organic-covered terrain in northern and mountainous environments, it is desirable to use field methods, such as the GP, to obtain representative values of field-saturated hydraulic conductivity.
The objectives of this study were to: (1) examine the applicability of GP theory for soil overlying an impermeable substrate, (2) develop new data interpretation methods where the existing theory is not applicable, and (3) evaluate the effects of heterogeneity and anisotropy on the measured field-saturated hydraulic conductivity. A numerical simulation model was used for theoretical development. The new methods were tested in the laboratory and applied at a remote field site in the Northwest Territories, Canada THEORY Saturated-unsaturated flow around a well with a constant ponded head of water is described by Richards' equation expressed in cylindrical polar coordinates 
where C is a dimensionless shape factor, α* [L -1 ] is a parameter representing the effects of soil capillarity under steady flow conditions, a [L] is the radius of the well, and H [L] is the steady depth of water in the well (see Fig. 1 ). Note that α* is considered the integral equivalent (Reynolds and Elrick 1987) Gardner's (1958) conductivity function. If an approximate value of α* is known from soil texture and structure, the shape factor may be calculated from H/a (Reynolds and Elrick 1987) . Equation 2 assumes homogeneous soil having an infinite extent. Reynolds and Elrick (1987) found that the flow around the well is unaffected by the boundaries if the boundaries are located at a distance of 10H from the well, implying that Eq. 2 may be used to interpret test results if the soil is homogeneous and the depth S [L] to the impermeable layer is sufficiently large.
METHODS

Numerical Simulation
The numerical model used in the present study is a modified version of Princeton UNSAT2D, which uses a mass-conservative finite element method to solve Richards' equation (Celia et al. 1990 ). The modification included an option to solve the cylindrical form of Richard's equation (Eq. 1) so that the three-dimensional flow can be simulated assuming the radial symmetry. The soil-water characteristics are represented by the van Genuchten (1980) equations
where
Θ is normalized volumetric soil water content defined by water content θ, water content at saturation θ s , and residual water content θ r remaining even at high soil tension, which is commonly treated as a fitting parameter. The dimensionless constant n represents the degree of sorting of soil particles and α [L -1 ] is related to the reciprocal of air-entry matric potential head on the soil water retention curve. Small grid spacing (∆r = 0.04a and ∆z = 0.2a) was used in the critical region around the auger hole to ensure the stability and accuracy of the solution, while larger spacing was used in the regions distant from the auger hole. The model was first validated by obtaining the steady-state numerical solutions of the Richards' equation using the same geometry and boundary conditions as those of Reynolds and Elrick (1987, Fig. 1 ), i.e., the auger hole placed in the centre of a cylinder, no-flow top and bottom boundaries, and constanthead outer boundary at the cylinder wall. The values of C calculated from numerical solutions in the present study (C PS ) were compared to those reported by Reynolds and Elrick (1987, Fig. 6 ) (C RE ), which were read on the graph using a ruler to an accuracy of ±0.2. The values were very close to each other (Table 1 ) and, therefore, the numerical model was validated for the present purposes. After the validation, the top and bottom boundaries were changed from constant head to no flow, and it was confirmed that the changes had no effects on C. The boundaries were then adjusted to reduce the size of the domain and the number of nodes, and hence computational time. It was found that the top boundary had negligible effects if L 1 /H > 1 (see Fig. 1 ), and that the outer boundary had negligible effects if L 2 /H > 6.7 (see Fig. 1 ). The effects of the bottom boundary will be investigated below.
Laboratory Methods
Homogeneous, well-sorted sand with a mean particle diameter of 0.0041 m was packed to an approximate dry bulk density of 1700-1800 kg m -3 in a roughly cylindrical plastic tub having a radius of 0.22 m. The sand layer had a thickness of 0.2 m. Evenly spaced (0.05-m) holes with a diameter of 0.011m were made along the sidewall of the tub near the bottom to allow the lateral drainage of water. The K s was measured using a core permeameter for six samples packed to approximately the same density as the sand in the tub. The samples were saturated from the bottom using tap water that had been equilibrated to room temperature but not deaired. Therefore, the condition was expected to be similar to the field-saturated condition with a small amount of entrapped air. Field-saturated hydraulic conductivity is generally smaller than the hydraulic conductivity of truly saturated soil without entrapped air (Reynolds et al. 1983 ).
Mean and standard deviation of K s for the six samples were 1.3 ± 0.8 × 10 -4 m s -1 . Porosity was estimated for six core samples from the measured dry bulk density and an estimate of particle density (Flint and Flint 2002) . Mean porosity and standard deviation of the six samples was 0.35 ± 0.01 for a particle density of 2650 kg m -3 and 0.38 ± 0.01 for a particle density of 2800 kg m -3 . Actual soil particle density was not determined, but is expected to be between the two values. The soil water retention characteristic of the sand was measured on two samples having a diameter of 0.051 m and length of 0.050 m using the pressure extractor method (Dane and Hopmans 2002) , and the van Genuchten function (Eq. 3) was fitted to the measured values using the least-squares method (Fig. 2) . A well made of perforated PVC pipe with an outer diameter of 0.025 m was placed at the centre before the sand was packed. The bottom of the pipe was at the bottom of the tub. A tensiometer was installed at 0.14 m from the centre of the well to examine the soil moisture condition during tests. Constant-head tests were conducted in the sand using a Mariotte system similar to the GP.
RESULTS AND DISCUSSION
Effects of Impermeable Layer on the Shape Factor
Numerical simulations were conducted in model domains having various S/H ratios (see Fig. 1 ) to determine when the bottom boundary effects become important. Two cases of H/a (4 and 12) and two different types of soils were examined. The van Genuchten parameters (Eq. 3) of the two soils were common for n (= 1.5) but different for α (= 2.7 and 10 m -1 ). The values of θ s and θ r would affect the transient part of simulations, but do not affect the steady-state flow rate at the end of the simulations. The boundary effect is most conveniently demonstrated using the shape factor C, calculated from Q and K s (Eq. 2). Any deviation of C from C ∞_ calculated for the sufficiently large simulation domain (S/H = 20) indicates the influence of the bottom boundary. The boundary effect was relatively minor (< 4 %) for both soils for S/H > 2 when H/a = 4, and for S/H > 1 when H/a = 12 (Fig. 3) . Therefore, the standard method of analysis may be used to interpret the GP data even for the case with an impermeable layer if S/H is greater than 2. This is consistent with the recommendation by previous workers (Bouwer and Jackson 1974; Talsma and Hallam 1980) . Significant boundary effects were observed (Fig. 3) for smaller values of S/H and the effects were dependent on the soil type and H/a. Attempts were made to derive a "correction" factor for C to compensate for the boundary effect, but the correction factor was sensitive to the values of soil parameters (α and n) as well as H/a. Therefore, when the impermeable layer occurs at a relatively shallow depth, it is recommended to auger down to the impermeable layer so that the test is conducted with S/H = 0 to simplify the data analysis.
Time to Steady State
It is commonly assumed, based on the observation of flow rate, that "quasi-steady" state is achieved at less than 20-30 min after the commencement of the test (Talsma and Hallam 1980; Reynolds et al. 1983) . The shape factor C in Eq. 2 is derived from the steady-state solutions of Richards' equation. Therefore, failing to achieve steady state during a test may result in misinterpretation of data. This issue is particularly important for the case with S/H = 0, where the flow around the auger hole is predominantly horizontal, which has more of the characteristics of two-dimensional than three-dimensional flow. For infiltration driven strictly by the pressure gradient, Philip (1969) found that steady state is achieved within a finite time for three-dimensional systems but never achieved for two-and one-dimensional systems. Therefore, it is expected that the time to quasi-steady state increases as S/H approaches zero.
Comparison between different flow configurations is most effectively presented using dimensionless variables Q* and t* (see Appendix for derivation).
where θ i is the initial volumetric water content of the soil adjacent to the auger hole. Numerical simulations were conducted for various combinations of H/a and soil parameters (α and n) to evaluate the influence of varying S/H on the time to steady state. The effects of K s and the moisture deficit θ s -θ i do not have to be examined explicitly because dimensionless variables are used in this analysis. Figure 4 shows an example for the case with H/a = 4, α = 10 m -1 , and n = 1.5. Visually inspecting Fig. 4a with t* presented on the arithmetic scale, one may suggest that quasisteady state is achieved at t* = 1 for both unrestricted flow case (S/H = 20) and the case with the flow restricted by the impermeable layer (S/H = 0). However, the same data presented on logarithmic scales (Fig. 4b) show that for the restricted-flow case Q* at t* = 1 is significantly higher than the final value. Similar results were obtained for other combinations of H/a and soil parameters. In general quasi-steady state is achieved by t* = 1 for unrestricted cases. In contrast Q* keeps decreasing even after t* = 10 for restricted cases, suggesting that some difficulty may be encountered in field tests. For example, consider a test conducted in a hole with a = 0.025 m for a soil having K s = 10 -5 m s -1 , θ s = 0.5, and θ i = 0.2, representing typical values for soils in vegetated watersheds. In this case t* = 1 corresponds to t = 750 s, which is consistent with the time to steady state reported by previous workers for unrestricted flow cases (< 1200-1800 s). If the same test is conducted for the same soil, but with the flow restricted by an impermeable layer, steady state will not be achieved even after 7500 s or 2 h.
The values of C listed in Fig. 3 were calculated from Q* when steady state was reached at t* = 10 4 or greater. Therefore, strictly speaking, C can be used to interpret field data only under steady state conditions. However, it is clearly impractical to conduct field tests for hours or days to achieve steady state. Compared to the steady-state analysis, transient data analysis is much more susceptible to errors resulting from uncertainty in soil water retention characteristics. Therefore, it is necessary to set a practical value of t* representing a quasisteady state by examining the Q* -t* curves of numerous cases covering a wide range of soil conditions. Figure 5 shows an example of Q* -t* curves for six simulations with varying H/a and α. Other simulations had similar curves. Upon inspecting these and other curves, it is proposed that t* = 3 represents a quasi-steady state and that simulated value of Q at t* = 3 is regarded as the quasisteady-state flow rate (Q s ) in Eq. 2. The rational is: (1) t* = 3 corresponds to reasonable time (< 1 h) for most natural soils in vegetated watersheds, (2) the rate of change in Q with time is slow after t* = 3, for example Q at t* = 6 is only 10-20 % lower than Q at t* = 3 for all cases, and (3) Q s can be used with the method described below that is operationally identical to the standard GP data analysis.
Data Analysis for S/H
To calculate K s from Q s using Eq. 2, the shape factor C needs to be evaluated for various H/a and soil parameters. The standard GP data interpretation assumes that C can be estimated accurately from H/a and α* because steady-state flow in homogeneous, infinite soil is completely characterized by K s , H/a, and α*. The validity of this assumption for the restricted-flow case will be examined below. For all tested combinations of (α, n, ψ b ), C increased with α* and H/a (Fig. 6 ). This is similar to the relation between C and H/a for unrestricted cases . Despite some scatter it is possible to define C -α* curves corresponding to specified values of H/a:
where u, s, and p [L] are coefficients dependent on H/a by the following relation.
where p 1 [L] , p 2 , s 1 , s 2 , s 3 , u 1 , and u 2 are fitting parameters. The C -α* curves corresponding to each H/a value were almost identical between simulations with moderately dry initial and boundary conditions, ψ b = -2 m (Fig. 6a) and very dry conditions, ψ b = -10 m (not shown). However, the curves were noticeably different for simulations with very wet conditions, ψ b = 0 (Fig. 6b) . Therefore, a set of parameter values corresponding to dry conditions (Table 2) was determined by fitting all parameters in Eqs. 9a-c simultaneously to all data points in Fig. 6a using the least-squares method. Similarly another set of parameters values corresponding to wet conditions (Table 2 ) was determined for the data points in Fig. 6b . Previously published values of C for the homogeneous, infinite soil are lower than the values given by Eq. 9 (Fig. 7) . Therefore, using previously published C values for soils underlain by an impermeable boundary will result in the underestimation of K s , although the difference may be relatively small compared to other uncertainties including measurement errors, estimate of α*, and soil heterogeneity.
To apply the new shape factor, an approximate time corresponding to t* = 3 should be estimated first from available information. This will aid in planning the test, for example estimating the expected test duration and the required amount of water. An approximate value of α* also needs to be estimated from the soil textural and structural type (Reynolds et al. 2002, Table 3.4-4) . The flow rate should be monitored during the test until a reasonably constant value of Q, taken to be Q s , is reached. After K s is calculated from Q s using Eq. 2, the value of t* at the end of the test should be recalculated to verify that it is reasonably close to 3.
Validation of the Method by Laboratory Tests
The laboratory sand had an average K s of 1.3 ± 0.8 × 10 -4 m s -1 and θ s of 0.37 ± 0.01 (variability estimated from that of porosity). The radius of the well (a) was 0.0125 m, and the sand was initially dry (θ i ≅ 0). Therefore, t* = 3 corresponds to t = 107 s according to Eq. 8. A constant-head test was conducted with H = 0.065 m. The flow rate quickly reached stable values (Fig. 8) although the values fluctuated randomly due to the limited accuracy of manually reading the scale on the water reservoir. After about 700 s the flow rate decreased due to the boundary effects of the container wall. The tensiometer located 0.08 m from the boundary started to respond at 600 s and reached near zero tension by 800 s.
The average flow rate during the steady period between 100 and 400 s was 6.0 mL s -1 (Fig. 8) . The α* calculated from numerically integrating the water retention function (Fig. 2) was 8.5 m -1 . Using Eq. 9 with the set of parameters for the dry conditions (Table 2) , C is estimated to be 2.05 for H/a = 5.2. Substituting Q s = 6.0 × 10 -6 m 3 s -1 and α* = 8.5 m -1 and C = 2.05 into Eq. 2 gives K s = 1.6 × 10 -4 m s -1 . This is within the range of K s (= 1.3 ± 0.8 × 10 -4 m s -1 ) determined by core permeameter tests, which is expected to represent the field-saturated condition. Another test was conducted on a separate sand tank having the identical construction, but with H = 0.05 m. The average Q during the steady period was 3.3 mL s -1 , which gave K s = 1.1 × 10 -4 m s -1 . Therefore, the proposed method using Eq. 2 and Fig. 6 (or Eq. 9) is expected to give reliable results for relatively homogeneous and isotropic soils.
Effects of Anisotropy and Heterogeneity
Anisotropic soil has a horizontal saturated hydraulic conductivity (K sH ) significantly different from the vertical conductivity (K sV ). A set of numerical simulations with K sH /K sV = 0.1, 1, and 10 was conducted for various combination of H, α, and n to examine the effects of anisotropy with an impermeable bottom boundary. The flow rate at t* = 3 was nearly identical between the cases with K sH /K sV = 0.1, 1, and 10, suggesting that the anisotropy effect is negligible and that the K s determined by the GP method represents horizontal hydraulic conductivity. This is presumably because the flow direction is mainly horizontal as shown by numerically simulated flow lines around the auger hole (Fig. 9) . It should be noted that when auger hole tests, such as the GP method, are applied under unrestricted flow condition, they generally measure the combined effects of K sH and K sV (Hyder and Butler 1995) . The predominantly horizontal flow in the present numerical simulation is forced by the impermeable bottom boundary. Natural soil is generally heterogeneous. In particular layered heterogeneity is commonly observed in forest soil, where hydraulic conductivity decreases with depth (Talsma and Hallam 1980) . The GP method measures the bulk K s of the soil around the auger hole in a weighted-average sense, where individual soil layes have different weights. It is impossible to determine a priori the exact weighting function in heterogeneous soil, but the relative importance of individual layers can be represented by a filter function G similar to Beckie (2001) .
where δK s is the change in "measured" bulk saturated conductivity and δk s is the change in the saturated conductivity of an individual layer. Figure 10a shows an example of the filter function determined by a series of numerical simulations. A change in one unit of conductivity for the 0.05-mthick bottom layer changes the measured bulk conductivity by 0.143 units. The filter function is greater near the bottom and is negligible above the water level in the auger hole (-0.3 m in Fig. 10a ), indicating that the GP method measures the conductivity of the saturated region and that the measured K s is more sensitive to the lower layers.
The depth-variation of the filter function is related to the variation of horizontal Darcy flux along the auger hole (Fig. 10b) , which decreases upwards. The radius of the saturated region is greatest near the bottom of the hole (Fig. 9) offering relatively low flow resistance. The measured bulk conductivity is most sensitive to the change in the conductivity of the high flow zone at the bottom.
Field Example
An application of the new data analysis method is demonstrated by a field test conducted at the Scotty Creek watershed located approximately 60-km south of Fort Simpson, Northwest Territories (Quinton et al. 2003) . The study site is accessible only by a helicopter, requiring the instrument to be as small and light as possible. The site is situated on a peat plateau (Robinson and Moore` 2000) and represents a typical organic terrain of the wetland-dominated, northern boreal region in the zone of discontinuous permafrost. Shrubs and black spruce (Picea marinara) grow through the ground cover composed of lichens and mosses overlying sylvic peat having an estimated thickness of 3-4 m. The peat was nearly saturated and frozen to the ground surface during winter, and thawed and drained down to a depth of 0.5 m when the test was conducted 2001 Aug. 26. The top surface of frozen peat, or the frost table, was considered an impermeable boundary because saturated frozen peat has very low permeability (Roulet and Woo 1986) .
The unfrozen peat had fairly high hydraulic conductivity and it was deemed impractical to use the Mariotte system of the GP to maintain the constant head and measure flow rates throughout the test. Therefore, constant head was maintained by manually pouring water into the well while monitoring the water level with an electronic sounder and keeping track of the amount of water poured. The waterfilled Mariotte system was initially placed in the well with the reservoir valve closed. At t = 20 min, the valve was opened and the flow rate was accurately measured using the Mariotte system until the inner reservoir was empty. After this measurement the manual measurement started while the reservoir was filled with water for the next measurement. The flow rate was measured in this manner three times during the test; Q = 0.64 mL s -1 at t = 20 min, 0.63 mL s -1 at 27 min, and 0.59 mL s -1 at 50 min. The bottom of the hole was at the frost table (S = 0) and the test was conducted with H = 0.10 m and a = 0.025 m.
The van Genuchten parameters were determined by fitting a curve to the water retention characteristic of an undisturbed sample of peat at 0.40-m depth measured by the pressure extractor method; n = 1.4, α = 4 m -1 , θ s = 0.8, and θ r = 0.25. The peat was fairly moist with an estimated pressure head of -0.1 m. The α* calculated from integrating the van Genuchten function is 35 m -1 and, hence, Eq. 9 gives C = 2.14 using the "wet" values of fitting parameters in Table  2 . Using Q s = 0.6 mL s -1 in Eq. 2 gives K s = 1.5 × 10 -5 m s -1 . Assuming θ i = 0.5, the value of t* at t = 50 min is 6.4 (Eq. 8) indicating that quasi-steady state was reached during the test.
When the van Genuchten parameters are not available, as in most field studies, α* needs to be estimated from soil texture and structural categories . In this example, estimating α* = 10 m -1 would have given K s = 1.0 × 10 -5 m s -1 and α* = 100 m -1 would have given K s = 1.8 × 10 -5 m s -1 . Therefore, the errors in K s resulting from the errors in α* are relatively small. Our analysis of water retention characteristics of other peat samples from several sites in northern Canada suggest that α* = 40 m -1 is appropriate for decomposed peat and 100 m -1 is appropriate for relatively undecomposed peat.
CONCLUSIONS
The influence of an impermeable layer on constant-head well permeameter tests, the Guelph Permeameter (GP) in particular, was examined using numerical simulations. The existing published values of the shape factor, C can be used to interpret the data when the distance S between the impermeable layer and the bottom of the auger hole is sufficiently large (S/H > 2). However, this method may significantly underestimate hydraulic conductivity when the distance is too small. In such a case, it is recommended to auger the hole down to the impermeable layer so that S = 0 and use a new set of C values to analyze the data. The flow around the auger hole is predominantly horizontal, i.e., two dimensional, when it is restricted by the impermeable layer. Therefore, it requires more time to reach steady state compared to the cases with unrestricted three-dimensional flow. The new values of C for the restricted flow cases were determined for a "quasi-steady" state condition. The GP method measures horizontal hydraulic conductivity because anisotropy has insignificant effects when the flow is mainly horizontal. The measured conductivity represents a weighted average conductivity of the soil surrounding the wet part of the auger hole. In soils with depth-varying conductivity, the weight is higher on the zones close to the bottom of the hole than those close to the top.
